Grid erosion analysis of a μ20 ion engine was carried out. The design principle of the grid optics for the μ20 ion engine is fairly unique, in that the acceleration grid is ion-beam machined to produce an optimum grid shape by the direct impingement of ion beams. By adopting a new grid surface model and strategy for updating the grid surfaces, the highly eroded grid surfaces of the μ20 ion engine were successfully analyzed. Parametric studies were also conducted to assess the grid lifetimes for different acceleration grid voltages.
Introduction
Grid wear evaluation is indispensable for determining the life qualification of ion engine systems because the generation of sputtering particles during the ion beam acceleration process is inevitable and unavoidable. To date, all the ion engines used on actual space missions have been subjected to life qualification tests. However, experimental evaluations of grid life are prohibitively time consuming and expensive. Therefore, the numerical evaluation of grid wear has been gaining increasing importance for the cost-effective design and development of ion engines. In 2006, JAXA started the JAXA Ion Engine Development Initiative (JIEDI) project to develop a numerical tool for the life qualification of ion engine optics 1) . The developed tool, hereafter referred to as the JIEDI-1 code 2) , can be applied to life evaluation problems; a comparative study for the μ10 ion engine showed that the erosion rate calculated by the JIEDI-1 code agreed with that of the life test within an accuracy of 40%.
In the traditional design process for ion engine optics, the grid parameters are optimized using theoretical, experimental, and numerical approaches to realize the highest possible beam extraction and acceleration performance. The direct impingement of ion beams against the acceleration and deceleration grids is carefully avoided in the design process.
In contrast, a completely different and unique approach was adopted in the design of the μ20 ion engine system, which is a 20-cm ion engine with four times the thrust of the μ10 ion engine 3) . The diameters of the acceleration grid holes of the μ20 ion engine are intentionally made smaller to increase the propellant utilization efficiency, and they are ion beam machined by the direct impingement of ion beams. Thus, the grid optics and ion beam trajectories are self-consistently determined and optimized.
This idea of the self-consistent determination of grid parameters seems very interesting. However, its simulation is very challenging to the JIEDI-1 code because there is significant grid erosion in the case of direct impingement, and the reconstruction of the computational mesh is very difficult.
In this paper, a new grid surface model and strategy for updating grid surfaces are introduced. The highly eroded grid surfaces of a μ20 ion engine were successfully analyzed. Calculations were performed from the beginning of the life of the grid system, when the grid surfaces were ion beam machined by the direct impingement of ion beams, until the end of the life of the grid system, which was caused by the accumulation of sputtering due to the charge-exchange and elastic collision of particles (see the grid erosion mechanism in Fig. 1.) 
Modeling
The physical and numerical modeling of the simulation in this paper is, in principle, the same as that of the JIEDI-1 code 2) . The JIEDI-1 code employs the finite element method, with its domain covered by a mesh of eight-node hexahedral elements. Figure 1(a) shows a schematic of the grid system used for the ion engine and computational domain in this study. The symmetry of the grid hole distribution permits a reduction in the computational domain size to 1/12 that of a single grid hole, which saves computational memory and time.
The electrostatic potential in the computational domain can be calculated using Poisson's equation, (1) in which the ion density term of Poisson's equation is obtained from the beam current and the stay times of the ion beams passing through the elements.
To achieve fast computation and use less computational memory in order to facilitate practical engineering calculations, the electron density is evaluated using the Boltzmann relation, based on the potential difference from the local plasma.
n e = n e0 exp((φ-φ 0 )/T e ) (2) Grid voltages are specified at the boundaries that represent the screen, acceleration, and deceleration grid surfaces. The plasma potential is applied for the inlet boundary, and the zero Neumann boundary condition is specified for the other boundaries. Poisson's equation is discretized using the finite element method, and the resulting simultaneous equations are linearized and solved iteratively using the incomplete Cholesky conjugate gradient method.
The mainstream ion beams are injected from the upstream boundary. The inlet velocities of the ions and the upstream plasma density are determined to satisfy the Bohm sheath criterion:
(4) The mainstream ion beams are treated as flux tubes, whose trajectories are calculated using the equations of motion for singly charged particles:
(5) A fraction of the mainstream ions experience collisions with neutrals leaking from the discharge chamber, producing sputtering particles. The charge-exchange collisions and ionneutral elastic collisions are modeled in the simulation on the basis of the probabilities of ion-neutral, ion-ion, and neutralneutral collisions.
The amounts of these sputtering particles are evaluated from the ion beam current, collision cross section, and local neutral density; the neutral densities are obtained before performing the potential and beam trajectory calculations, using the free molecular flow approximation. The sputtering particles are also treated using the flux-tube method, and the flux tubes begin from each element. The trajectories of these particles are solved using Eq.(5) for ions and (6) for neutrals. They are tracked until they collide with a grid or escape from the computational domain.
The sputtering rate of the grid material is incorporated using experimental data in the form of tables of values for incident energies and incident angles. The redeposition of the sputtered grid materials is simply modeled using a sticking factor; the redeposition flux is given by the product of the incoming sputtered particles and the sticking factor.
The grid surface profile is updated using a solution-adaptive mesh generation in the JIEDI-1 code based on the rate of change in the grid surface obtained by the sputtering and redeposition calculations. This mesh reconstruction worked well in normal situations such as the erosion in the μ10 ion engine. However, it failed to handle severe μ20 grid erosion. Therefore, a very simple and robust scheme was employed, in which the computational mesh was constructed as follows. 1) All the volumes in the computational region are covered with a mesh, including the inside of the screen, acceleration, and deceleration grids. 2) Each element has a flag that can be used to distinguish the flow element (flag = 0) and grid element (flag = 1). 3) Flux tubes for ions and neutrals can run inside the flow elements. If they encounter one of the grid elements, they are considered to strike the grid surface, and then, the 
Ion acceleration grids
Grid surface erosion intensity profile used in Fig.3(a) and Fig.8 . (Fig. 2) is as follows. 1) If the calculated erosion mass (the product of the sputtering rate and the time step for the grid surface update) of the grid element exceeds the mass of the element, the element is converted from a grid element to a flow element by changing its flag from 1 to 0. 2) The erosion rate of the converted element is distributed to the adjacent grid elements. 3) Steps 1) and 2) are repeated until the accumulated time exceeds the specified grid surface update time interval. The grid erosion analysis and grid surface update are repeated until the accumulated operating time reaches the specified operation time limit. The JIEDI-1 code that uses this grid surface update method is hereafter referred to as JIEDI-1B. The advantage of JIEDI-1B meshing is its simplicity and robustness, while its disadvantage is a lower accuracy than solution-adaptive meshing. Thus, it will be compared with JIEDI-1 meshing and examined in the following calculations.
Depiction of grid surfaces
--Neutralizer + + erosion rates are evaluated. For grid surface updates, a very simple procedure that does not require the generation of new nodal points is used; the procedure
Grid life evaluations

μ20 grid life analysis
The wear of the μ20 grid optics was analyzed. The grid and operational parameters assumed in the simulation are listed in Table 1 . In the μ20 grid optics, the diameters of the acceleration grid are different for different ion beam currents. For a high beam current, the hole diameter is 1.3 mm. Smaller diameter grid holes of 1.0 mm and 0.9 mm are used for the medium-and low-beam-current holes. Figure 3 (a) shows the grid profiles at the beginning of life (BOL) and after 7500 h of operation. The color in the figure indicates the intensity of the net erosion rate (m 3 /h) of the grid element, where red is the highest and blue is the lowest. The net erosion rate is calculated from the outgoing grid materials by sputtering minus the incoming grid materials by redeposition. This value becomes negative if redeposition exceeds sputtering. As shown in this figure, the highest erosion rates at the BOL occurred at the upstream edge of the acceleration grid hole in the high-beam-current region and at the downstream edge of the acceleration grid in the low-beamcurrent region. These regions were quickly eroded away, as seen after 7500 h of operation. Considering that the acceleration grid hole is eroded (ion beam machined) and ion beams can flow smoothly, as shown in Fig. 3(a) and 3(b) , the ion beam machining procedure worked well, as expected, and the grid parameters were self-consistently determined. Figure 3 also shows that the life limiting mechanism can be different depending on the ion beam current. In the lower beam current region, the acceleration and deceleration grids are significantly eroded, and the bridges between the grid holes are expected to break away. In contrast, the deceleration grid remains almost untouched in the high-beam-current region.
To check whether electron backstreaming occurs, the changes in the least negative potential values on the axis (potential well) for the high, medium, and low beam currents are plotted, as shown in Fig. 4 . Because the dynamics of the electrons are not solved in the JIEDI-1 code, electron backstreaming cannot be directly analyzed. However, it can be estimated from the electron number density at the potential well because once electrons reach the potential well, they can High (after 7500 h) Low (after 7500 h) Fig. 3(a) . Grid profiles at BOL and after 7500 h of operation for highand low-beam-current holes.
High (after 7500 h)
Low (after 7500 h) Fig. 3(b) . Beam trajectories and potential distributions after 7500 h of operation. The positions marked by red circles were ion beam machined. easily travel upstream. Therefore, the JIEDI-1 code determines electron backstreaming based on the criterion of the minimum potential value at the axis becoming higher than −T e (n e /n i = 0.368).
In Fig. 4 , the values for the high-beam-current hole are the highest because the potential values are increased by the higher positive space charge density. As seen in this figure, the potential value for the high-beam-current hole reached −5 V (=−T e ) after around 7500 h of operation, indicating that electron backstreaming occurred.
As for structural failure, the deceleration grid profiles shown in Fig. 5 indicate that the original structure is maintained, although the grid has a nonfatal 6-point star shape erosion in the low current region. Therefore, the life limiting condition for this simulation case is electron backstreaming, and the acceleration grid voltage should be lowered. Figure 6 compares the changes in the minimum potential values on the axis obtained by the JIEDI-1 and JIEDI-1B codes. Compared with the results obtained by the JIEDI-1 code, the values calculated by JIEDI-1B exhibited a less gradual change. Nevertheless, the values are close to each other, with a difference of less than 10 V. Therefore, if the erosion intensity is too significant for the JIEDI-1 code to conduct solution adaptive meshing, it can be replaced by the JIEDI-1B code to evaluate a problem with such a high rate of erosion.
Comparison of grid surface update schemes
Determination of acceleration grid voltage
Calculations were performed to determine the acceleration grid voltage with a lifetime longer than 20000 h when the screen grid voltage was changed from 1300 V to 2300 V. Table 2 summarizes the grid and operating parameters in this simulation. An acceleration grid voltage of −150 V was found to be too high, and therefore, three lower acceleration grid voltages, −300 V, −350 V, and −400 V, were selected to investigate the effect of the acceleration grid voltage on the grid erosion. To prevent electrical breakdown between the screen and acceleration grids, the screen-to-acceleration grid separation that would afford a constant electric field strength was determined from the following relation: l g = 0.25/1450×(2300 − φ a ) (7) Eq.(7) was obtained using the reference electric field strength value of 1450/0.25 V/mm for φ s = 1300 V and φ a = −150 V at erosion is too significant for the acceleration and deceleration grids to sustain their original shapes and becomes devastating in the medium and low current holes. However, the bridges between the deceleration grid holes are not lost by erosion, as shown in Fig. 9 . From these analyses, it is concluded that the acceleration grid voltage should be less than −300 V to obtain a lifetime longer than 20000 h, and even though the grid erosion is significant, electron backstreaming becomes the life-limiting factor, instead of structural failure.
Comparative evaluations between experimental and simulation results must be performed. However, the experimental data for the μ20 ion engine optics are insufficient. Therefore, a quantitative assessment of the predictions by the JIEDI-1 and JIEDI-1B codes will be a topic of future work.
As for the computational performance, the total calculation time was found to be about one week on average using a PC (Intel Core i7 965), which is two orders of magnitude smaller than that of the actual lifetime tests.
Summary
To analyze ion beam machining and very severe grid erosion in a μ20 ion engine, a new mesh generation and grid surface update scheme was incorporated into the JIEDI-1 code. This code can analyze μ20 grid erosion problems and was successfully employed to investigate the effect of the acceleration grid voltage on the grid lifetime performance. With the use of the solution-adaptive meshing of JIEDI-1, most of the grid erosion problems may potentially be solved and grid lifetimes may be estimated within reasonable computational times. 
